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ABSTRACT
Three s tud ies  were  performed to determ ine the  re la tionship  between 
blood lac ta te ,  C02 flow to the  lung, and ven tila tion  during exercise. F irst, 
the method of determining the la c ta te  threshold by use of log-log and 
semilog transfo rm ations  developed by Beaver and his colleagues was 
modified to  provide an ob jective  method of determining the threshold which 
re su lted  in a s ign ificantly  b e t te r  f i t  (p<.05) of the log-log model to  the  data. 
Second, to  t e s t  the  theory th a t  the increase in C02 flow to  the  lung due to 
bicarbonate buffering of H+ from lac t ic  acid causes  the  r is e  in ven tila tion  
out of proportion to  V02 a t  the ven tila to ry  threshold, the la c ta te  thresholds 
of th ese  su b jec ts  w ere  used to predic t th e ir  ven tila to ry  thresholds. The 
la c ta te  threshold determ ined by the modified log-log model/method w as a 
poor p red ic to r w ith  an insignificant re la tionship  between the la c ta te  and 
ven tila to ry  thresholds (p>.05). In the  third  study, six  su b jec ts  were  te s ted  
during 4 sess ions  to determ ine the re la tionship  between ven tila tion  and C02 
flow to  the lung during exercise  and also  during r e s t  and exercise  while C02 
w as being inhaled. This re la tionsh ip  w as expressed by the regression  of 
minute ven tila tion  (VE) vs. the minute ra te  of C02 expired (VTC02). Results 
showed no s ign ifican t d ifferences  (p>.05) betw een the slopes of the VE- 
VTC02 regression  during r e s t  and exercise  w ith  C02 inhalation, but the 
in te rcep ts  were  s ign ifican tly  d iffe ren t (p<.05). The slope of the VE-V TC02 
regression  during incremental exercise  w as s ignificantly  g rea te r  than 
during r e s t  w ith  C02 inhalation, w ith  the in te rcep ts  not signficantly
ix
d ifferen t, showing th a t  the regression  a t  r e s t  w ith  C02 Inhalation could not 
be extended to explain the  v en tila to ry  response to  exercise. However, the 
ventila tory  response to incremental exercise  could be explained by dividing 
the response into two components: 1) tha t  component dependent upon C02 
flow to the lung, and 2) a component independent of C02 flow to the lung and 
quantified by the difference  in in te rcep ts  between the ven tila to ry  response 
to VTC02 a t  r e s t  and during exercise  w ith  C02 inhalation. In conclusion, 
these  s tud ies  do not support the theory th a t  C02 flow is the primary 
s tim ulus  of exercise  hyperpnea.
x
INTRODUCTION
Ventilation during exerc ise  is a su b jec t  of intrigue and the question 
of control Is perplexing. The search  fo r the m ajor s tim ulus  of exercise  
hyperpnea has occupied the e f fo r t s  of numerous physiologists  In the  past  
th ree  decades, but the problem is complex and complicated by the 
In tegration of both neural and humoral Influences. There e x is ts  the 
possib il ity  th a t  no one s t im u lus  In I tse lf  Is both su ff ic ien t  and necessary  to 
the  control of ven tila tion  during exercise.
One of the  theories  of ven tila to ry  control during exercise  is  linked to 
CO2 delivery to  the  lung as  a consequence of C02 production In the muscle 
and bicarbonate buffering of hydrogen Ion re leased  by the production :>f 
lac t ic  acid. During light and m oderate exercise , ven tila tion  Is In d irec t  
proportion to  m etabolic C02 production and V02, while blood la c ta te  levels 
remain near res ting  values. Then as  the  work ra te  Increases during 
Incremental exercise , lac t ic  acid production Increases and a marked r is e  in 
blood la c ta te  occurs. Additional C02 is delivered to the lung as a re su l t  of 
b icarbonate buffering of the  lac t ic  acid. It is  then th a t  VE begins to increase 
out of proportion to  V02 while continuing to  follow VC02 (6, 8). The 
w orkra te  above which a marked r is e  In blood la c ta te  occurs Is term ed the 
la c ta te  threshold (7), and because some Investigators  ( 8 ,8 0 )  believe th is  is 
the  work ra te  signalling a g rea te r  Increase In anaerobic m etabolism , ft is 
a lso  called  the  anaerobic threshold. These Investigators  propose th a t  the 
nonlinear r i s e  in ventila tion , w ith  Isocapnlc buffering, Is a d irec t  re su l t  of
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the additional C02 delivered to  the lung (8). Finally a t even higher 
w orkra tes , as  a r te r ia l  bicarbonate levels decrease and hydrogen ion 
concentration increases, the  caro tid  bodies respond to s trengthen  the 
ven tila to ry  stimulus. VE then increases out of proportion to  VC02 (84).
In sp ite  of the close coupling of ven tila tion  to  VC02 during exercise, 
the exact mechanism by which C02 flow to  the lung may Increase ventila tion 
has not been elucidated. While some investiga tors  have expressed doubts 
th a t  there  rea lly  is a threshold  of blood la c ta te  (92), lack of re liab il i ty  in 
se lec ting  the  threshold (37) and an ab ility  to uncouple the la c ta te  and 
ven tila to ry  thresholds (44) has brought uncertain ty  about the cause and 
e f fe c t  re la tionsh ip  betw een blood la c ta te  and ventilation. In addition, 
s tud ies  in anim als have shown a neurogenic control component in exercise  
claimed to be su ff ic ien t  to  explain the  hyperpnea (49). Other animal s tud ies  
have shown C02 flow to  Increase ventilation, but w ithout su ff ic ien t gain to 
explain exercise  hyperpnea (39, 40).
The purpose of the  s tu d ie s  of th is  d is se r ta t io n  w as to fu r ther 
Investigate  the  re la tionsh ips  between the la c ta te  threshold, ven tila tion  
during exercise , and C02 flow to  the lung in order to  t e s t  the  hypothesis tha t 
C02 flow to  the  lung is  the  primary s tim ulus  of ven tila tion  during moderate 
exercise  and during the  tran s i t io n  from moderate to  heavy exercise. F irst, 
the  technique commonly used to  assign a value to  the  threshold w as 
modified In an a t tem p t to  more accurate ly  determ ine th a t  value. Then using 
the  modified method, the  la c ta te  thresholds of 10 su b jec ts  w ere  compared 
to  th e ir  ven tila to ry  thresholds. Finally, the  theory th a t  C02 flow to  the lung 
is the main s t im ulus  fo r hyperpnea during m oderate exercise  w as te s te d  in 
6 su b jec ts  by increasing C02 flow by C02 inhalation.
CHAPTER 1 
REVIEW OF LITERATURE
The Lactate  Threshold 
The re la tionship  betw een lac t ic  acid formation, m uscular contraction, 
and fa tigue  has been studied  since the  1800's (76). In 1907, Fletcher and 
Hopkins (33) c learly  dem onstra ted  th a t  lac t ic  acid w as a m etabolic product 
of living t is sue , th a t  i t  could be produced under anaerobic conditions, th a t  
fa tigue  w as a ssoc ia ted  w ith  an Increase in lactic  acid, and hyperoxia 
depressed lac t ic  acid formation. In 1914, Christiansen, Douglas, and 
Haldane (15) showed th a t  C02 w as formed from the combination of lac t ic  
acid and bicarbonate in the  blood during severe  exercise , and in 1930 
Douglas's s tuden t Owles (61) dem onstrated  th a t  there  e x is t s  a c r i t ica l  
m etabolic  level below which blood lac t ic  acid does not Increase 
substan tia lly  and above which the re  Is a marked Increase. Since then, the  
nonlinear r is e  in blood la c ta te  th a t  occurs above a threshold work ra te  (the 
la c ta te  threshold) during Incremental exercise  has been described by 
numerous invest iga to rs  (11,24).
The use of the  te rm  "anaerobic threshold" in describing the  la c ta te  
threshold  f i r s t  appeared In the l i te ra tu re  in a report by Wasserman and 
Mcllroy (81) in which they defined the  anaerobic threshold  as  the  level of 
oxygen consumption a t  which anaerobic m etabolism  becomes important, 
corresponding to  the  point a t  which the  concentration of bicarbonate in 
a r te r ia l  blood decreases  and the concentration of la c ta te  rises . In la te r
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papers Wasserman and colleagues have re fe rred  to  the  anaerobic threshold 
as  the  level of 0 2 consumption ju s t  below th a t  a t which metabolic  acidosis 
and the a ssoc ia ted  changes In gas exchange occur (85). They consider it  as 
the V02 above which there  is  cardiovascular Insufficiency In meeting t is su e  
0 2 requirem ents  and have used It as  an aid in the d ifferen tia l diagnosis of 
exertional dyspnea (79). Subsequently, an incremental exercise  t e s t  to 
determ ine the  anaerobic threshold has been widely used by c lin ic ians and 
investigators.
The anaerobic threshold  is considered a very useful measure because it 
a ids the a sse ssm en t of exerc ise  to lerance  in pa tien ts  w ith  chronic heart 
fa ilu re  (55,87), e ssen tia l  hypertension (50), ischemic heart d isease  (23), 
pulmonary vascu lar d isease  (48), and chronic obstructive  pulmonary disease  
(54). It has a lso  been used in predicting endurance capacity  and/or 
perform ance in tra ined  runners (30, 67, 70) tra ined  and untrained cy c lis ts  
(5,78), and com petitive  racew alkers  (42). A ltera tions in the anaerobic 
threshold  due to  endurance tra in ing (25, 74), detraining (69), d iet 
manipulation (44, 93), hyperoxia and hypoxia (43), caffeine ingestion (36, 
66), therm al dehydration (29), te s t in g  mode (26), protocol (94), and 
sampling s i t e  (92, 95) have all been investigated. The anaerobic threshold 
has been used to  determ ine exercise  in ten s i t ie s  for train ing and competition 
(34) and in labora to ries  to d is tinguish  between m oderate and heavy work 
ra te s  (89). Noninvasive methods to determ ine the anaerobic threshold are 
widely used. The m ost commonly used noninvasive method is the 
de term ination  of the ven tila to ry  threshold, though th a t  in i t s e l f  has been 
determ ined in varying ways (13). Also suggested as noninvasive measures 
of the anaerobic threshold a re  resp ira to ry  frequency (47), the  ve locity -
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heart  ra te  re la tionship  (21, 14), and the use of In tegrated electromyograms 
(57).
Although the anaerobic threshold is such a useful measure, there  has 
been considerable controversy over the term  and w hether the  r is e  in blood 
la c ta te  a t  the anaerobic threshold is really  due to anaerobic conditions in 
exercising skele ta l muscle (11, 22, 43, 75,). Some invest iga to rs  believe 
th a t  the re  is really  no threshold, but th a t  the  increase  in blood la c ta te  is 
exponential (37, 92,). Others claim the ven tila to ry  threshold does not 
necessa rily  coincide w ith  the  la c ta te  threshold  (37, 44, 45, 58, 68). 
Traditionally, the  choice of experienced Investigators, who visually inspect 
the  graph of blood lac ta te  vs. V02 and pick a break point, has been the 
c r i te r io n  m easure of the  anaerobic threshold. However, the lack of 
agreem ent betw een invest iga to rs  in choosing the threshold (37) has pointed 
out the  necess ity  of finding a b e t te r  and more accura te  method for 
determ ining the  la c ta te  threshold, if indeed i t  does exist. There also  needs 
to  be a b e t te r  method for te s t in g  w hether the re  is  a threshold.
Beaver, Wasserman, and Whipp (7) have proposed a method for 
Improving the de tec tion  of the la c ta te  threshold by using a log-log 
transform ation . Each sub jec t  perform s an incremental exerc ise  te s t ,  and 
blood la c ta te  is measured during every o ther work stage. From the graph of 
blood la c ta te  vs. ^ 0 2, the Investigators  visually  s e le c t  a division point as 
the  da ta  point where the s teep  portion of the  curve begins. This point 
divides the  curve into two segm ents, and the division point is considered to 
belong to  both segm ents  since the authors found no s ta t i s t i c a l  reason for 
assigning i t  to  one or the o ther segment. A s tra ig h t  line of bes t  f i t  is  then 
f i t te d  to  logarithmic transfo rm ations  of each of the tw o segm ents  of data
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points using linear regress ion  analysis, and the in te rsec tion  of these  two 
lines is  determ ined to  be a more p rec ise  threshold.
Beaver e t  al. (7) also used a semilog model, transform ing the la c ta te  
values but not the Vo2 values, and f i t  tw o lines using the same method as 
for the log-log model. They argued th a t  the log-log model w as  b e t te r  
because It appeared to f i t  the  data  in the  v ic in ity  of the  threshold b e t te r  
than did the  semilog model although there  w as no s ign if ican t d ifference  in 
the f i t  of the  models as  determ ined by pooled mean square e rro r  of the two 
lines for each model.
The Ventilatory Threshold
Beaver and colleagues a lso  proposed a new method in determining the 
anaerobic threshold by gas exchange called the V-slope method (8). A fter a 
process of f i l te r in g  and correcting  for fluc tua tions  in P e t C 0 2 (highest 
tension of C02 In expired a lveolar gas), on the graph of VE vs. V02, the  data  
points above th a t  portion of the curve re fe rred  to  as  Isocapnic buffering are 
eliminated. Then a line is drawn through the isocapnic buffering portion of 
the  curve, and another line through the lower portion of the curve. The 
in te rsec tion  of the tw o lines is the anaerobic threshold, and Beaver and 
colleagues are  careful to d is tinguish  th is  as  the point a t  which the re  is an 
Increase in VC02 due to  b icarbonate buffering of H+, pointing out th a t  ju s t  
looking a t  VE vs. V02 does not take into consideration th a t  many tim es  
ven tila to ry  insensitiv ity , obs truc tive  lung d isease, and obesity  may cause 
VE and VC02 to  be uncoupled and therefore  the ven tila to ry  threshold  may not 
rep resen t the  anaerobic threshold. Although useful fo r breath  by breath  
sy s tem s  and protocols w ith  small increm ents  and many data  points, it  is not
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feasib le  to use th a t  method w ith  sy s tem s  and protocols w ith  few er data 
points.
Orr, Green, Hughson, and Bennett (60) have used a computer program 
to  determ ine the  ven tila to ry  threshold, w ith  an algorithm th a t  performed 
successive  i te ra t io n s  th a t  divided the da ta  (VE vs. V02) into th ree  p a r ts  and 
f i t  a line of bes t  f i t  to  each part. The I te ra tion  th a t  re su lted  in the le a s t  
pooled residual sums of squares w as then used to  determ ine the  threshold 
by computing the  in te rsec tion  of the  f i r s t  tw o lines. They also  used an 
algorithm th a t  divided the da ta  into tw o parts ,  as  well as  f i t t in g  
exponential or power functions to  the curvilinear region of the  function, but 
did not find them to  provide a b e t te r  fit.
Caiozzo e t  al. (13) studied d iffe ren t methods of picking the 
ven tila to ry  threshold and concluded the b e s t  c r i te r ia  to be the point a t  
which the  ven tila to ry  equivalent for 0 2 begins a sy s tem a tic  Increase w ith  
no concommitant Increase in the ven tila to ry  equivalent for C02. The 
c r i te r ia  regarding the condition th a t  the ven tila to ry  equivalent fo r C02 not 
increase  a t  the  threshold  w as  s t re s s e d  so th a t  hyperventilation w as not 
occuring due to  neural or o ther fac to rs ,  and so th a t  i t  w as  c lea r  th a t  the 
threshold picked represen ted  the  increase  in ven tila tion  under isocapnic 
conditions and due to  the Increase in C02 flow from the buffering of H+ as 
lac t ic  acid production Increased. However, Davis (24) pointed out th a t  In 
one-m inute increment t e s t s ,  the  delay In the  Increase in VE/VC02 w as 
evident, but during 4 -m lnu te  Increment t e s t s ,  VE/V 0 2 and VE/VC02 both 
increased a t  the  same workrate.
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The Control of Ventilation during Exercise
The debate over the control of ven tila tion  during exercise  has centered 
around neural control versus  humoral control (27, 28, 35, 49, 65, 82, 90). 
Clearly, there  are  chem oreceptors sens it ive  to  a r te r ia l  PO2, PCO2 and pH 
th a t  modulate ven tila tion  during re s t ,  but during moderate exercise  the 
mean a r te r ia l  levels of th ese  agents  do not show a measurable change (2). 
However, the constancy w ith  which a r te r ia l  PC02 appears to  be regulated 
and the c lose  coupling of VE to  VC02 has led some investigato rs  (82) to 
hypothesize th a t  C02 re tu rn  to  the lung (O C 5 CO2) is  the primary s tim ulus  
for exercise  hyperpnea during m oderate exercise.
The theory th a t  the  s tim u lus  for exercise  hypernea is  C02 flow to  the 
lung ra th e r  than mean a r te r ia l  PC02 has prompted the search for 
chem oreceptors sens it ive  to  lung C02 flow. It has been suggested tha t  C- 
f lbe r  endings located In the  lung parenchyma close to  pulmonary cap il lar ies  
are  sen s i t iv e  to C02 and could be im portant in regulating ven tila tion  (27,
17, 77). Also in the dog the re  ex is t  slowly adapting pulmonary s t re tc h  
recep to rs  closely a sso c ia ted  w ith  the smooth muscle of the a irw ays tha t  
are  sens it ive  to the volume of a ir  entering the lung, the distending pressure  
across  the  airw ays, and to an increased PC02 In the a irw ays (18, 39, 56). 
However, i t  has not ye t been convincingly demonstrate,d th a t  these  recep to rs  
or any o the rs  respond to physiological changes in the C02 flow to the human 
lung, e i th e r  in the  blood or a irw ays (56).
In sp ite  of the lack of c lea r  evidence th a t  C02 recep to rs  ex is t  in 
humans th a t  are  sen s i t iv e  to  C02 flow to  the lung, the C02 flow hypothesis 
appears plausible. Yamamoto and Edwards (91) infused blood th a t  had been 
loaded w ith  C02 Into the Inferior vena cava of ra ts . Ventilation Increased in 
proportion to the venous C02 load, resu lting  in an Isocapnic hyperpnea.
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Yamamato and Edwards concluded th a t  perhaps a r te r ia l  PC02 w as regulated 
by a mechanism th a t  sensed osc il la tions  of PC02 and pH w ith in  the  breathing 
cycle. Band, Cameron, and Semple (3) subsequently showed th a t  venous C02 
loading does change the o sc il la tions  of PC02 and pH In a r te r ia l  blood In the 
cat, and o thers  (10, 38, 51) have shown th a t  a f fe ren t  neural discharge from 
the  caro tid  sinus nerve o sc i l la te s  w ith  the  a r te r ia l  osc il la tion  and may be a 
control signal. Band, Wolff, Ward, Cochrane, and Prior (4) have reported 
osc il la t io n s  In a r te r ia l  C02 tension In humans which become s tee p e r  during 
exercise. However, the  fa c t  th a t  caro tid  body denervation does not 
s ign if ican tly  a l te r  the  s teady s ta t e  exercise  ven tila tion  in humans (52, 86) 
c a s t s  doubt on th is  mechanism as the primary s tim ulus  for ventila tory  
control during exercise  (29).
Nevertheless, o ther experim ents w ith  venous C02 loading or unloading 
Indicate a c lose  re la tionsh ip  between VE and the venous C02 load. Although 
some invest iga to rs  have claimed th a t  small changes In PaC02 could explain 
the  ven tila to ry  response (9), o thers  report an isocapnic hyperpnea (12, 62, 
82, 83), Indicating th a t  the  venous C02 load w as I ts e lf  su ff ic ien t to  explain 
the  hyperpnea. Phillipson, Duffln, & Cooper (63) concluded th a t  re sp ira to ry  
rhythm iclty  is c r i t ic a l ly  dependent on stim uli re la ted  to  VC02. They 
dem onstra ted  th a t  when m etabolic  C02 w as removed from mixed venous 
blood of awake in tac t  sheep, there  w as a proportional reduction in VE. As 
the ra te  of C02 removal became equivalent to the m etabolic  ra te ,  apnea 
ensued, w ith  maintenance of normal values of a r te r ia l  PC02, pH, and P02. 
Green and Sheldon (41) and Sheldon and Green (72) have shown th a t  in dogs 
VE increased in proportion to pulmonary blood flow and mixed venous PC02 
when each w as changed independently while a r te r ia l  PC02 w as  maintained 
a t  normal levels. Green and Schmidt (40) la te r  concluded th a t  the
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mechanism of hypernea Induced by changes in pulmonary blood flow was 
caused by s tim ula tion  of C02-sens1t1ve pulmonary receptors. These 
Increases in VE could be blocked by vagotomy.
Since In the  human lung It Is not feasib le  to  manipulate C02 flow by 
venous C02 Infusion, an a lte rna t ive  Is to  add C02 to  the Inspired alrs tream .
In 1963 Fenn and Craig (31, 32) proposed a d iffe ren t method of 
adm inistering C02 to subjects . When a constant percentage of C02 Is 
Inhaled, the  ven tila to ry  response a f fe c ts  the amount of C02 inspired. The 
g rea te r  the  ven tila to ry  response, the g rea te r  the to ta l C02 inspired.
However, If C02 were In jected into the Inspired a lrs tream  a t  a constan t 
ra te ,  the to ta l  amount of C02 inspired would not depend upon the ventila tory  
response, provided the frequency of breathing w as fa irly  constant, but 
would be a function of the ra te  of C02 delivery. This method of C02 
adm in is tra tion  would more nearly mimic the way in which metabolic  C02 is 
emptied Into the bloodstream , and as  Fenn and Craig proposed, it  seem s 
possible th a t  a lveolar PC02 would be more easily  held isocapnic as is  done 
during exerc ise  w ith  an Increased C02 load to the lung. However, from 
experim ental da ta  they concluded tha t  the ven tila tory  response to exogenous 
C02 w as d iffe ren t  than the response to endogenous C02 because a lveolar and 
a r te r ia l  PC02 were allowed to increase. Fenn and Craig believe th is  Is a 
tradeoff th a t  the resp ira to ry  control cen te r  a llow s in order to avoid the 
ex tra  work i t  would take to  keep PC02 levels isocapnic.
Most experim ents th a t  have been done to  t e s t  the ventila tory  response 
to  C02 through C02 Inhalation, w hether using Fenn’s  method of 
adm in is tra tion  or by giving a cer ta in  percentage of C02, have defined the 
response as  a response to changes In a r te r ia l  or a lveolar PC02. Comparisons 
of ven tila to ry  sen s i t iv i ty  during r e s t  and during exercise  have brought
differing  conclusions. Some investiga tors  report parallel slopes of the VE - 
PaC02 re la tionsh ip  (2), indicating the  same sens it iv ity , while o thers  (16,
64, 88) report a g re a te r  slope and sen s i t iv i ty  during mild and moderate 
exercise.
A lte rna tives  to  the  C02 flow theory of exercise  hyperpnea Include two 
neurogenic theories. A s e r ie s  of very e laborate  experim ents by Kao (49) 
gave good evidence of a peripheral neurogenic drive. When e lec tr ica lly  
s tim ula ting  the  hind limb of dogs whose blood leaving the limb w as diverted 
to  a second dog, increases  in ven tila tion  were found, though le ss  than what 
would be expected during exercise  of th a t  intensity. When the head of the 
so -ca lled  neural dog w as perfused by the isocapnic blood of a th ird  dog, the 
inc reases  in ven tila tion  w ere  s im ila r  to  th a t  expected during exercise  of an 
in tac t dog, indicating th a t  although there  w as a peripheral neurogenic drive, 
the  C02-f111ed blood from the  exercising limb w as im portant in preventing 
hypocapnia which would then depress  ventilation. The main objections to a 
peripheral neurogenic component being the  primary s tim ulus  of exercise  
hyperpnea is th a t  the  experim ents have not been repeated  and tha t  spinal 
cord t ra n sec tio n s  do not block the hyperpnea when hind limbs are 
e lec tr ica l ly  s t im u la ted  (1).
A cen tra l neurogenic component of exercise  has a lso  been 
hypothesized and te s te d  by Eldridge (28) who in decortica ted  c a ts  
s t im u la ted  subthalam ic regions of the  central nervous system  to  in it ia te  
limb locomotion. Proportional to  increased m uscular contraction  were 
inc reases  in phrenic nerve activity . This w as true  a lso  when sensory 
feedback w as  e lim inated by muscle paralysis. The explanation w as tha t the 
centra l neural mechanism th a t  in it ia ted  and su s ta in s  m uscular contraction 
irrad ia ted  to  a lso  in i t ia te  increases  in ventilation.
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In addition to  these  theories, Asmussen (2) has suggested a theory 
whereby the sen s i t iv i ty  of the  caro tid  bodies to  hypoxia is increased during 
exercise  by sym pathetic  outflow to  the caro tid  bodies. Others suggest a 
f a s t  component of ven tila tion  a t  the onset of exercise  is  neural, while a 
s low er component is  humoral (53).
In summary, the  exact mechanisms for the  increase in ven tila tion  
during exercise  are  not known. Theories of C02 re tu rn  to  the lung from the 
exercising m uscles  and cen tra l or peripheral neurogenic drives are  the most 
plausible a t  th is  time. The link between the la c ta te  threshold and the 
ven tila to ry  threshold, In substan tia tion  of the  C02 flow theory, is  thought to 
be a re su l t  of the  increase  in C02 re tu rn  to  the  lung from the bicarbonate 
buffering of H+.
Although th is  study does not e lucidate  mechanisms, it  con tribu tes  to 
the  p lausib ility  of these  theo ries  by 1) te s t in g  to see  if the  la c ta te  and 
ven tila to ry  thresho lds  occur a t  the  same workrate , as  would be expected if 
the  increase  in blood la c ta te  caused the increase  in ven tila tion  by 
increasing C02 re tu rn  to  the  lung, and 2) te s t in g  to  see  If the regression  line 
represen ting  the ven tila to ry  response to  C02 inhalation during re s t  is  
su ff ic ien t to  explain the  ven tila to ry  response to exercise  (metabolic) C02.
CHAPTER 2
ASSIGNMENT OF THE LACTATE THRESHOLD VALUE USING 
LOG-LOG AND SEMILOG TRANSFORMATIONS
The la c ta te  threshold  Is a physiological m easurem ent commonly made 
In labora tories  and clin ical se t t in g s  during Incremental exercise  te s t in g  in 
order to  evaluate  or p red ic t performance (5, 30, 42, 46, 79). Previously, the 
threshold  w as chosen as  th a t  w orkra te  ju s t  before the  rapid r is e  in blood 
la c ta te ,  and I ts  precision w as  dependent upon the s ize  increment of work 
r a te  and frequency of blood samples. Recently, however, Beaver, Wasserman, 
and Whlpp (7) have proposed a method to  increase  th a t  precision. They use a 
log-log transfo rm ation  and f i t  the  data  to  tw o s tra ig h t  lines. The la c ta te  
threshold  (LT) is  found as  the  In tersection  of those tw o lines, and it is  not 
necessa rily  one of the  w o rk ra te s  a t  which the sub jec t  worked. It makes 
sense  th a t  the  true  LT would only by coincidence be the  p rec ise  w orkra te  a t 
which the  increm ents  w ere  chosen, so the  purpose of the  method seem s 
ju s tif ied . However, It seem s th a t  the  method as described by Beaver e t al. 
Introduces a b ias  th a t  reduces I ts  precision and th a t  the  method could be 
Improved to  e lim inate  th a t  bias. The bias comes from th e ir  forcing the 
"division point" to  belong to  both s t ra ig h t  lines. In rea li ty , the  division 
point would only belong to  both lines If It were  the  tru e  threshold. If i t  is 
not, It Is influencing the regress ion  of a line to which It does not belong. In 
addition, the  ab ility  among invest iga to rs  to choose breakpoints has been
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questioned (37, 92). There is a need for a more objective  method of 
choosing the threshold.
The purpose of th is  study w as to modify the  Beaver method of 
determining the la c ta te  threshold  by 1) removing the s tipu la tion  th a t  the 
division point belong to both s t ra ig h t  lines, and 2) replacing Investigator 
su b jec tiv ity  w ith  computer ob jec t iv ity  by use of repeated pa irs  of 
reg ress ions  to find the  pa ir  w ith  the  b es t  fit.
Methods
Twelve male su b jec ts  performed an Incremental exerc ise  te s t  on a 
cycle ergom eter until volitional fatigue. The work ra te  began a t  30 w a t t s  
and w as increased every th ree  m inutes by 30 w a tts .  During the la s t  30 
seconds of each s tage  a r te r ia l iz ed  venous blood sam ples were drawn from 
an Indwelling c a th e te r  placed in a superfic ial vein on the  dorsal a spec t of 
the  hand. Minute ven tila tion  and oxygen consumption w ere  measured during 
the  th ird  minute of each stage. The blood sam ples were assayed for lactic  
acid according to  the  enzym atic technique described by Sigma (73). This 
assay  is based on the principle th a t  the conversion of pyruvic acid to lactic  
acid is  reversib le  In the presence of an excess of NAD+ and LDH. At a highly 
alkaline pH and w ith  addition of hydrazine to  form a complex w ith  the 
pyruvate, nearly all the la c ta te  is converted to pyruvate and the amount of 
NAD+ converted to NADH, determ ined spectrophotom etrically , Is a m easure 
of the  lacta te .
Using the method of Beaver e t  al., the p lo ts  of blood la c ta te  vs. V02 
for each su b jec t  were  subm itted  to tw o Independent, experienced 
Investigators. The invest iga to rs  visually  se lec ted  a division point as the 
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Figure 1. Lactate  Concentration vs. 0 2 Uptake. Division point (D), 
indicated by arrow, w as determined by visual inspection. 
Redrawn from Beaver, e t  al. (2).
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invest iga to rs  did not agree, a third  Investigator a rb itra ted  to  pick the 
division point. This division point divided the curve into tw o segm ents  and 
the division point w as considered to  belong to  both segments. Both 
coordinates  ( la c ta te  and V02) were transform ed to  logarithm s (base 10), 
and a s t ra ig h t  line w as  f i t te d  to each of the tw o segm ents  of data  points 
using lea s t  squares linear regression  analysis. The in te rsec tion  of these  
tw o lines w as determined to  be the threshold (Figure 2).
This same method w as  applied to  a semilog transform ation  of the data. 
A fte r  the division point w as  chosen, the  la c ta te  data  w as transform ed to 
logarithm s and p lo tted  against V02. The threshold w as found by f i t t in g  tw o 
reg ress ions  to the  tw o segm ents  of data  and calculating the in te rsec tion  of 
those  tw o lines.
A lternately , the data  for each sub jec t  w as f i r s t  transform ed according 
to  the  log-log model, th a t  Is, both blood la c ta te  and V02 were transform ed 
to logarithms. Then using the  proposed (Baker) method, an algorithm divided 
the da ta  successively  into tw o p a r ts  and f i t  lines of best f i t  to  each part 
until all p o ss ib i l i t ie s  w ere  tried. The in te rsec tion  of each pair of lines 
resu lt ing  from each i te ra t io n  w as calculated. Then, using piecew ise  
regress ion  to  f i t  each pair, the  Ite ra tion  w ith  the leas t  mean square error  
w as chosen, and the la c ta te  threshold  w as determined to  be the  in te rsec tion  
of the  tw o lines f i t  in th a t  iteration. Second, blood la c ta te  w as 
transfo rm ed  to  logarithm s, but Vo2 w as  le f t  untransformed (semilog 
model). The Baker method w as  s im ila rly  used on th is  data  to determ ine the 
la c ta te  threshold.
Once the in te rsec tion  point for each sub jec t  w as found by both the 
Beaver method and the Baker method for both models, p iecew ise  regression 
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Figure 2. Log Lactate  Concentration vs. Log V02. Transformed 
division point (Dt) is  assumed to belong to  both 
regress ion  lines. Lactate  threshold  (LT) is  In tersection  
of the  tw o linear regression  lines. Redrawn from 
Beaver, e t  al. (2).
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The p iecew ise  regress ion  used a single model (Yj * Bo + BiXn + B2(Xn-LT)Xj2 
+6j, w here Xji is  V02 and Xj2 is an indicator variable defined as  l If Xn>LT 
and is  defined as 0 if XusLT) to f i t  each su b jec t 's  data  using the 
predeterm ined in te rsec tion  point (LT) as the  point where the  slope changed 
(59). D ifferences In the  la c ta te  threshold and in the f i t  of the methods and 
models (determ ined by mean square e rro r)  w ere  then te s ted  using 2 x 2  
fac to ria l  ANOVA w ith  repeated  measures.
Results
The means (N = 10) of the la c ta te  thresholds found by each method, 
each model, and each method/model combination are  shown in Table 1. One 
sub jec t  w as  e lim inated  from the study because the investigators  could not 
pick a break point, and another sub jec t  w as  elim inated except in the 
comparison of the Baker log-log and Beaver log-log method/model 
combination because the  Beaver semi log method resu lted  in a negative 
threshold. There w ere  no s ign ifican t d ifferences  (p>0.05) betw een the 
thresho lds  fo r the  ten  su b jec ts  found by e i th e r  method or model or 
method/model combination. These re s u l ts  are  shown in Table 2.
Table 3 shows the means (N=10) of the mean square errors , in 
logarithmic units , of the  p iecew ise  reg ress ions  f i t  each su b jec t 's  data. 
Table 4  Is the  ANOVA table  fo r the  comparisons of the  mean square errors. 
The mean square e rro rs  of the  log-log model w ere  s ignificantly  d ifferen t 
(p<0.05) from the mean square e rro rs  of the  semilog model. In the 
comparison of the  10 s u b jec ts  in which all four method/model combinations 
of the  la c ta te  threshold  could be determined, there  w ere no s ignificant 
d ifferences  (p>0.05) in the  mean square e rro rs  between methods. However, 
because there  w ere  11 su b jec ts  in which the  threshold could be determined
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Table 1. Lactate Threshold (M eans1 ± S td . E r ro r )
Baker Beaver Mean of both methods
Log-log 1 .8 1 6  ± 0 .1 3 1  1.711 ± 0 .0 9 6  1 .7 6 3  ± 0 .0 8 0
Semilog 1 .6 6 2  ± 0 .1 9 3  1 .5 4 5  ± 0 .1 5 5  1 .6 0 3  ± 0 .1 2 1
Mean of both 
models 1 .7 3 9  ± 0 .1 1 5  1 .6 2 8  ± 0 .1 1 5
1 Values a re  in u n its  of VO2  (1-m inute- 1 ); N=10.
There w ere  no sign ifican t d ifferences (p > 0 .0 5 )  between th resh o lds found by 
e ith e r  method, model, o r  m ethod/m odel combination.
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Table 2. ANOVA Table fo r Testlna D ifferences In th e  Lactate Threshold fo r 10 Subjects
df Sum s of Squares Mean Square F
Subjects 9 6 .2 1 0 0 .6 9 0 0 1 1 .2 7 7  * *
Method 1 .1 2 2 9 .1 2 2 9 2 .0 0 9  NS
Model 1 .2 5 6 8 .2 5 6 8 4.197-N S
Method x Model 1 .0 0 0 4 .0 0 0 4 .0 0 6 5  MS
E rro r 2 7 1 .6521 .0 6 1 2
Total 3 9 8 .2 4 2 2
* *  p<0.01
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Table 5. Mean Square E r ro r  (M ean s1 ± Std. E r ro r )
Baker Beaver Mean of both methods
Log-log 0 .0 0 1 7  ± 0 .0 0 0 5 0 .0 0 2 5  ± 0 .0 0 0 6 0 .0 0 2 1  ± 0 .0 0 0 4 a
Semilog 0 .0 0 2 7  ± 0 .0 0 0 6 0 .0 0 2 9  ± 0 .0 0 0 5 0 .0 0 2 8  ± 0 .0 0 0 4 9
Mean of both
models 0 .0 0 2 2  ± 0 .0 0 0 4 0 .0 0 2 7  ± 0 .0 0 0 4
1 Means a re  In logarithm ic  u n its , N= 10
Significant d ifferences ( p < 0 .05) w ere  found between values labeled "a".
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Table 4. ANOVA Table fo r Testing D ifferences in  the  Mean Square E r ro rs  of the  
 P iecew ise R egressions fo r 10 Subjects_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
df Sum s of Squares Mean Square
Subjects 9 .0 0 9 5 6 0 .0 0 1 0 6 2
Method 1 .0 0 0 2 5 4 .0 0 0 2 5 4
Model 1 .0 0 0 4 8 3 .0 0 0 4 8 3
Method x Model 1 .0 0 0 0 6 8 .0 0 0 0 6 8
E rro r 2 7 .0 0 1 7 0 5 .0 0 0 0 6 3
Total 3 9 .0 1 2 0 7 0
* *  p<0.01
p< 0.05
1 6 .8 2 4 * *  
4 .0 2 5  NS 
7 .6 4 5 *  
1 .0 8 5  NS
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for the  log-log model, the  following aprtorl comparisons of the  Baker log- 
log and Beaver log-log th resholds and mean square e rro rs  were  made by 
paired t - t e s t s .  No s ign if ican t d ifferences  (p>0.05) were found betw een the 
thresholds, whose means + s tandard  e rro rs  for the log-log model w ere  
1.760 + .131 vs. 1.673 + .095 for Baker and Beaver methods, respectively. 
There w ere s ign ifican t d ifferences  (p<0.05) In the  mean square e rro rs  
(.0022 ± .0005 vs. .0028 + .0006), indicating the Baker method did provide a 
b e t te r  f i t  than the  Beaver method for the log-log model.
Tables 5 and 6 show the Individual thresholds and mean square errors. 
Table 7 compares the log-log and semilog models, as  well as the Baker and 
Beaver methods, in a way s im ila r  to  th a t  done by Beaver (7). Since no 
division point w as chosen by the Baker method, deviations of the  LT for the 
Baker log-log and semilog models are  In reference  to  the  division point 
chosen by the Beaver method. The deviation is  defined as the  d ifference 
betw een the division point (the data  point predeterm ined by the 
Investigators) and the LT as  determ ined by the pa rticu la r  method-model 
combination for a given subject. The slopes of the tw o portions of the 
curve, above and below the LT, a re  given. Note th a t  for the log-log model, 
the  slope rep re sen ts  the  change in la c ta te  in logarithmic un its  divided by 
the change in v o 2 In logarithm ic units. However, the slope of the  semilog 
model rep resen ts  the  change in la c ta te  in logarithmic un its  divided by the 
change in V02 in a r i th m e tic  units. Thus, the slopes of the  semi log model 
are  le ss  than those of the log-log model and can only be compared by 
changing all values to a r i th m e tic  units.
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1 1 .4 5 3 1 .3 6 6 1 .2 5 7 1 .2 5 7
2 1 .8 5 5 1 .9 07 1 .7 9 0 1 .8 1 0
3 2 .5 8 0 1 .8 5 6 2 .6 8 9 1 .9 6 3
4 2 .0 0 6 2 .0 1 5 2 .0 0 3 1 .9 8 7
5 1 .3 4 4 1 .4 5 4 1 .4 5 6 1 .1 4 3
6 1 .7 58 1 .8 2 0 1 .5 4 5 1 .6 4 9
7 1 .7 4 2 1 .8 0 0 1 .5 6 0 1 .6 1 2
9 2 .2 9 6 2 .0 6 2 2 .5 0 3 2 .2 5 8
10 1 .2 4 7 1 .1 17 1 .0 9 7 1 .0 6 9
11 1 .8 7 8 1 .7 1 4 0 .7 1 7 0 .7 0 0
Mean 1 .8 1 6 1.711 1 .6 6 2 1 .5 4 5
± Std. E rro r 0 .1 31 0 .0 9 6 0 .1 9 3 0 .1 5 5
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Table 6. Mean Square E r ro r s  ( In Logarithm ic U nits) of Piecew ise R egressions
Log-log Semllog
Subject Baker Beaver Baker Beaver
1 0 .0 0 0 1 0 .0 0 0 5 0 .0 0 1 1 0 .0 0 1 1
2 0 .0 0 0 1 0 .0 0 0 1 0 .0 0 0 3 0 .0 0 0 3
3 0 .0 0 1 7 0 .0 0 3 8 0 .0 0 0 3 0 .0 0 2 6
4 0 .0 0 0 6 0 .0 0 0 6 0 .0 0 1 1 0 .0 0 1 1
5 0 .0 0 0 8 0 .0 0 1 1 0 .0 0 3 6 0 .0 0 3 6
6 0 .0 0 3 7 0 .0 0 4 4 0 .0 0 4 9 0 .0 0 4 4
7 0 .0 0 1 9 0 .0 0 2 0 0 .0 0 4 2 0 .0 0 4 3
9 0 .0 0 0 5 0 .0 0 2 9 0 .0 0 2 2 0 .0 0 2 7
10 0 .0 0 4 1 0 .0 0 5 3 0 .0 0 4 8 0 .0 0 4 9
11 0 .0 0 4 0 0 .0 0 4 4 0 .0 0 4 5 0 .0 0 4 5
Mean 0 .0 0 1 7 0 .0 0 2 5 0 .0 0 2 7 0 .0 0 2 9
± Std. E rro r 0 .0 0 0 5 0 .0 0 0 6 0 .0 0 0 6 0 .0 0 0 5
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Table 7. Comparison of Log-log and Semilog Analyses of Lactate vs. YO2  R elationship







Mean Y 02atL T  (1 /m in ) 
±SEM
1 .8 1 6± . 31 1 .6 6 2 ± ,1 9 3 1.711 ± .0 9 6 1 .5 4 5 ± .1 5 5
Mean YO2  a t division 
point ±SEM
— — 1 .6 9 2 ± .1 0 7 1,6 9 2 ± . 107
Deviation of LT from  
division point 
Range (peak  to  peak) - . 2 2 6 - +  .7 3 0  
Range (s iz e )  .9 5 6  
Mean deviation±S.D. ,1 2 4 ± .3 1 0  
Mean of th e  absolute 
va lue  of th e  deviations .2 5 4 ± .2 0 5
- . 7 2 3 -  + .8 3 9  
1 .5 6 2  
- .0 3 0 ± .4 4 7
.3 1 6 ± .2 9 9
- . 1 1 6 -  + .2 7 4  
.3 9 0  
.0 1 9 ± .1 19
.0 9 0 ± .0 7 5
- . 7 4 0 -  + .2 9 8  
1 .0 3 8  
- ,1 4 6 ± .2 9 5
.2 3 2 ± .2 2 5
Mean lacta te  a t LT 
(m m o le s l i te r - 1 ) 2 .3 1 6 ± .3 3 8 2 .4 1 7 ± .5 1 9 1 .9 2 3 ± .2 2 2 1 .9 4 5 ± .2 3 6
Slope of cu rv e  above LT 
(m ean±SEM ) 
logarithm ic  u n its  
a r ith m e tic  u n its
3 .5 3 2 ± .6 5 2
3 4 0 .4
.6 0 2 ± .0 9 8
4 .0 0
2 .8 9 7 ± .2 2 3
7 8 .8 9
,5 1 2 ± .0 4 1
3 .2 5
Slope of cu rv e  below LT 
(m ean±SEM ) 
logarithm ic  u n its  
a r ith m e tic  u n its
.7 6 0 ± .2 0 6
.5 7 5
.3 8 8 ± .1 5 0
2 .4 4 3
.7 4 7 ± .2 0 3
.5 5 8
.3 7 5 ± .1 6 8
2 .3 7
Discussion
Four method-model combinations w ere  used to determ ine the lac ta te  
threshold of 10 sub jects . No s ign ifican t d ifferences  w ere  found in the 
thresholds determined by each of those combinations. This finding Is not 
surprising, since in m ost case s  the e lim ination of b ias skewed the 
determ ination of the  threshold by only about 100 m il l i l i te r s  when the 
division of the da ta  by the Baker method w as near the  division point picked 
by the Beaver method. This w as so in m ost cases.
Beaver e t  al. (7) found th a t  the semi log method tended to re su l t  in 
lower thresholds than the log-log method. That w as  also true  in the present 
study. Although there  w ere  no s ta t i s t i c a l ly  s ign if ican t d ifferences , in 
seven of the  ten  su b jec ts  the  Baker semilog method resu lted  in lower 
thresho lds  than the  Baker log-log method; the Beaver semi log method gave 
lower th resholds than the Beaver log-log method in eight of ten  sub jec ts . In 
addition, although the mean of the thresholds found by the Baker method 
tended to  be higher than the  mean found by the Beaver method for both log- 
log (1.816 ± .131 vs. 1.711 ± .096) and semilog (1.662 ± .193 vs. 1.545 ±
.155) models, only five of ten  thresholds w ere  higher for the log-log model, 
and six of ten  w ere  higher fo r the  semilog model.
The reason for the lower thresholds of the semilog model is not clear. 
It Is also in te re s t ing  th a t  although the thresholds (V02) w ere  lower, the 
mean la c ta te  a t the  threshold  w as  sligh tly  higher than tha t of the  log-log 
models. This is co n s is ten t w ith  the  finding th a t  the  slope of the  curve 
below the LT w as  g rea te r  fo r the  semi log model (2.443 and 2.371 
mmoles-1-1 fo r the  Baker and Beaver methods, respective ly) compared to 
the  log-log model (0.575 and 0.559 mmoles-1- 1 ). However, the  slopes a f te r  
the  threshold  a re  le ss  fo r the  semilog models (3.999 and 3.250 mmoles - r 1)
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compared to  the  log-log models (340 and 79 m m o le s -H ) .  It thus  appears 
th a t  the  semilog model may overestim ate  the  la c ta te  a t  and prior to the 
threshold, but underestim ates  i t  a f te r  the  threshold. This may be due to  the 
transfo rm ation  of the  data  which reduces the variance of la c ta te  as V02 
increases. In many su b jec ts  the  la s t  data  point of the  semilog model tended 
to  influence and reduce the  slope beyond the LT more than i t  did in the  log- 
log model. Beaver e t  al., in the ir  study (7), also concluded th a t  some 
sy s tem a tic  bias in the  semilog transfo rm ation  resu lted  in a poorer f i t  in the 
region near the  LT, and th a t  a f te r  the threshold la c ta te  rose  f a s te r  than the 
semilog model.
It is c lear  from the comparisons of the deviations of the LT from the 
predeterm ined division point (Table 7) th a t  the  Beaver method, particu larly  
the  log-log model, does influence the  LT tow ard it. The mean of the 
deviations about the  division point w as  merely 19 ml for Beaver's log-log 
model, w ith  the mean d is tance  (mean of the absolute values of the 
deviations) from the division point being 90 ml. The range about the 
division point w as 390  m is for the  Beaver log-log method compared to  956 
m is for the  Baker log-log method. The Baker method allowed more freedom 
in the  model by not requiring the  division point to  belong to  both lines as  
well as  not predetermining the da ta  into tw o segments. In some cases  the 
division of the da ta  w as not the  sam e as  th a t  for the  Beaver method.
It is  a lso  apparent th a t  the  Baker method resu lted  in g rea te r  
individual d ifferences  in the LT than the Beaver method. A comparison of the 
ranges and standard deviations of the LT for each method shows th a t  the 
range fo r the Baker log-log model w as 1.383 l i te rs -m in u te - 1 compared to
0.945 for the Beaver log-log model; the range for the Baker semilog model 
w as 1.972 compared to  1.558 for the Beaver semi log model. The standard
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deviations w ere  g rea te r  fo r the  Baker method as well (0.414 vs. 0 .304 for 
the log-log model; 0.609 vs. 0.489 for the  semilog model).
It thus  would seem th a t  the  main d ifferences  betw een the Baker 
method and the Beaver method have to  do w ith  freedom vs. control and 
ob jec t iv ity  vs. subjectiv ity . The Beaver method gives the  investigator a 
degree of control over the  da ta  and the picking of the  breakpoint, perhaps 
preventing the  choice of an aberran t threshold caused by the influence of a 
data  point th a t  has some obvious m easurement error. However, it  is  a 
sub jec tive  method and is  surely  influenced by the preconceived idea of 
where the  breakpoint should be. Also the  ab ility  of d ifferen t investiga tors  
to pick the  sam e breakpoint has been shown to  vary considerably. Yeh (92) 
reported  an average range of varia tion  of 0.5 1-m inute-1 w ith  d ifferences  
from 0.05 to  0.93 1- m inute-1 . Gladden (37) found absolute d ifferences  
ranging from 0.11 to  0.41 1 - m inute- T In the p resen t study the two 
invest iga to rs  who picked the division points  disagreed in th e ir  choice in 
five of the  tw elve  su b jec ts ,  and a th ird  investigato r had to  a rb itra te .  In 
co n tra s t  to  the Beaver method, the Baker method is objective  and allow s 
freedom in f i t t in g  the data  and in finding the bes t  fit.
The d ifferences  in the  log-log and semilog models are  a re su l t  of the 
transfo rm a tions  of the  data. As Beaver points out (7), data  th a t  fo llows a 
pow er-law  function (y=axb ) would fall on a s t ra ig h t  line when the data  is 
transform ed  to  a log-log plot. Data th a t  fo llow s an exponential function 
(y=a*10bx) would re su l t  in a s t ra ig h t  line when the data  is transform ed to a 
semilog plot. Because the da ta  is f i t  to tw o s tra ig h t  lines ra th e r  than one 
argues th a t  there  is a breakpoint in the data, a point a t  which the slope b 
changes. Although Beaver found no s ign if ican t difference in the  f i t  of the 
two models to h is data, he argued th a t  the log-log model w as a b e t te r  fit ,
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mainly because the  log-log model appeared to  f i t  the  data  b e t te r  In the 
region surrounding the division point and the calculated  threshold. We found 
a s ign if ican t d ifference in the  f i t  of the  tw o models, w ith  the  log-log model 
having s ign ifican tly  sm alle r  mean square errors. These re s u l ts  seem to 
indicate  th a t  there  is indeed a threshold, in co n tra s t  to  those investigators  
(37, 92) who suggest there is no real threshold, but th a t  the increase in 
la c ta te  is actually  exponential. We w ere able to  t e s t  th is , using piecew ise  
regress ion  to  f i t  the semilog transform ed data  as  explained earlier. The 
model Yj = Bo + BiXn + B2(Xji-LT)Xj2 +ej, where Bi is the  slope of the  line 
below the threshold and Bi + B2 is  the  slope of the  line above the threshold, 
allowed for te s t in g  of B2 to  see  if i t  w ere  s ignificantly  d iffe ren t from zero. 
In o ther words, we were able to  t e s t  w hether the  slopes were different. It 
is  in te re s t in g  th a t  using the  Baker method, in only four of ten  su b jec ts  was 
B2 s ign if ican tly  d iffe ren t from zero. Using the Beaver method, in only three  
of the  ten  su b jec ts  w as B2 s ign if ican tly  d ifferen t from zero. Although th is  
tends to  suggest th a t  a single exponential would f i t  the  data  of most 
su b jec ts ,  the  fa c t  th a t  the  log-log model s ign ifican tly  f i t  the  data  b e t te r  
and had a sm alle r  slope before the  threshold argues th a t  a single 
exponential does not completely describe the  delay in the  r i s e  of blood 
lactate .
It is  a lso  in te res ting  to take an exponential function and plot i t  on a 
log-log plot. Figure 3 shows a plot of predicted values for the exponential 
function th a t  b e s t  f i t  su b jec t  l ’s  data. One can imagine, w ith  few data  
points particu la rly  in the curv ilinear region, th a t  th is  exponential data 
could be f i t  by two linear regressions. However, if those points  outside the 
physiological range are  e lim inated  and the predicted values are  compared to 
the  actual values, it  appears th a t  if one a t te m p ts  to f i t  tw o s tra ig h t  lines
0 2 -
- 0 .0 -
-0.6 -0.4 -0 2  0.0 0 2  0.4 0.6
LOG VOj (Liters m fnute-1)
Figure 3. Predicted Values of Exponential That Best F its  Data 
of Subject l ,  Showing How a Log-log Plot of an 
Exponential Can Look Like Two S tra igh t Lines.
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to  the  data, the  f i r s t  line would have a slope g rea te r  than what Is normally 
found below the la c ta te  threshold. This Is shown In Figure 4. Therefore, 
again one would conclude th a t  th is  analysis  indica tes  th a t  there  is a 
threshold a t  which blood la c ta te  begins to  r is e  more rapidly, and th a t  the 
log-log model is the  b e t te r  model to  use to  determ ine th a t  threshold.
In summary, Beaver's method of determining a more p recise  la c ta te  
threshold  by using log-log and semi log transfo rm ations  w as modified to 
e lim inate  b ias and subjec tiv ity . No s ign if ican t d ifferences  were found in 
the  la c ta te  th resholds determ ined by the four method-model combinations. 
However, the  log-log model had a s ign ifican tly  b e t te r  f i t  than the semilog 
model, and the Baker log-log model a s ign ificantly  b e t te r  f i t  than the  Beaver 
log-log model. Therefore, i t  is  suggested th a t  the Beaver log-log method of 
determining the la c ta te  threshold  be modified by use of a computer 
algorithm th a t  successively  divides a log-log transfo rm ation  of the  data  
into tw o parts . The la c ta te  threshold may then be chosen as the 
in te rsec tion  of the  tw o regress ion  lines determined by the i te ra tion  w ith  
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Figure 4. Predicted and Actual Values of Subject 1 When Data is 
Fit to an Exponential.
CHAPTER 3
PREDICTION OF THE VENTILATORY THRESHOLD 
BY THE LACTATE THRESHOLD
The concept of the anaerobic threshold has been developed by 
Wasserman and colleagues (79, 85) and as  such assum es the  d irec t linking 
of the  la c ta te  threshold  (the V02 above which the re  occurs a nonlinear r ise  
in blood la c ta te )  and the ven tila to ry  threshold. The theory behind the  link 
regards  the  control of ven tila tion  during moderate  exercise  and proposes 
th a t  C02 flow to  the  lung is  the  primary s tim ulus  for exercise  hyperpnea 
(82). Therefore, as  the  production of lac t ic  acid increases  during 
incremental exercise , the buffering of H+ by bicarbonate provides an added 
source of C02 above th a t  of m etabolic C02. Consequently, a t  m etabolic ra te s  
of 50-75% V02 max a sim ultaneous nonlinear r is e  in VC02 and VE occurs 
re la t iv e  to  V02 during a period of isocapnic buffering. The threshold  of th is  
nonlinear r is e  In VE (the ven tila to ry  threshold) may be de tec ted  by the point 
a t  which a sy s tem a tic  r is e  in the  ven tila to ry  equivalent for 0 2 (VE/V 0 2) 
occurs, w ith  a decrease  or lack of increase  in the  ven tila to ry  equivalent for 
C02 (VE/VC02) (13, 24).
In co n tra s t  to  Wasserman e t  al., o ther investiga tors  ra ise  doubts tha t 
the ven tila to ry  and la c ta te  thresholds coincide and have given evidence tha t 
the  coupling of VE to  VC02 can be manipulated by such things as  d ie t or 
pedaling frequency (44), w ith  resu lting  d issocia tion  of the  ven tila to ry  and
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l a c ta te  thresholds. In addition, the  sub jec tiv ity  inherent in the  choosing of 
the  th resho lds  makes it  d iff icu l t  to  decisively conclude w hether the 
thresho lds  do coincide. In turn, it  is  d iff icu lt  to  infer a cause and effect.
The purpose of th is  study w as to  determ ine if the  Baker method of 
determ ining the la c ta te  threshold, as a more objective  method described in 
the  previous chapter, re su lted  in identical thresholds for la c ta te  and 
ventilation. In addition, the  re la tionship  between blood la c ta te  and 
ven tila tion  w as studied  by using the  la c ta te  thresholds determined from the 
previous study to  predict the  ven tila to ry  thresholds of each subject.
Methods
The la c ta te  thresholds determ ined for each su b jec t  in the previous 
chap ter w ere  compared to  th e i r  ven tila tory  thresholds. Graphs of VE, 
VE/V 0 2, and VE/VC02 w ere  p lo tted  against V02 (Figure 5) and 
given to  tw o  Independent invest iga to rs  to  se le c t  the ven tila to ry  threshold 
using the following crite ria :
1. The VO2  a t  which Ve /VO 2  exhibits  a sy s tem a tic  increase, and
2. The VO2  a t  which Ve begins to increase nonlinearly.
Caiozzo’s (13) c r i te r ion  fo r se lec ting  the anaerobic threshold by an 
increase  in Ve /VO2  included the condition th a t  there  w as no concomitant 
increase  in Ve /VCO2 . However, th is  w as fo r an increment of one minute
duration. Davis (24) reported  th a t  when the increment duration is four 
m inutes, both ven tila to ry  equivalents increase  a t  the same VO2  Therefore,
since the  increment duration w as three  m inutes for the data  presented  here, 
the  c r i te r io n  th a t  there  w as  no concommitant r is e  in VE/VC02 w as not 
applied, If the  tw o invest iga to rs  did not agree In th e ir  de term ination of the 
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Figure 5. P lo ts  of VE, VE/V 0 2, and VE/VC02 Used to 
Determine Ventilatory Threshold of Subject
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Once the ven tila tory  thresholds w ere  determined, paired t - t e s t s  were 
used to  t e s t  s ign ifican t d ifferences  between the  la c ta te  and ventila tory  
thresholds, and p lo ts  of the  la c ta te  threshold vs. the  ven tila to ry  threshold 
were made to  show the s c a t te r  around the line of Identity. Then leas t  
squares  linear regression  w as  used to  see  which method/model gave the 
la c ta te  threshold th a t  bes t  predicted  the  ven tila to ry  threshold.
Results
The la c ta te  thresholds found by each method/model in the  previous study 
and the ven tila to ry  threshold  for each sub jec t  are  l is ted  in Table 8. One 
su b jec t  w as elim inated from the study because the  invest igato rs  could not 
pick a la c ta te  threshold nor a ven tila to ry  threshold according to  the 
specified  criterion. Another sub jec t w as elim inated because the  Beaver 
semi log method re su lted  in a negative threshold. Descriptive s t a t i s t i c s  of 
the  d iffe ren t thresholds may be compared in Table 9. Table 10 shows the 
re s u l t s  of the  paired t - t e s t s .  The Beaver semi log la c ta te  threshold  was 
s ign if ican tly  d iffe ren t (p<0.05) from the ven tila to ry  threshold, but all o ther 
combinations of method and model to  determ ine the  la c ta te  threshold  
re su lted  in no s ign ifican t d ifferences  (p>0.05) from the ven tila to ry  
threshold. Comparing the mean difference  betw een the la c ta te  threshold 
and ven tila to ry  threshold (Table 8) and p lotting the  ven tila to ry  threshold 
against the  la c ta te  thresho lds  w ith  the  line of identity  as  reference  
(Figures 6 -9 )  show th a t,  although the d ifferences  w ere  not s ta t i s t ic a l ly  
sign ifican t, the  la c ta te  threshold tended to  be le ss  than the  ven tila to ry  
threshold. This w as particu la rly  true  of the  semilog models. The Baker log- 
log la c ta te  threshold had the  le as t  mean difference  from the ventila tory
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Table 8. Lactate and V entilatory  Thresholds fo r Each Subject
Subject Lactate th resh o lds
Baker loa-loa Beaver lo a-lo a Baker sem iloa Beaver sem iloa V en tila to r/ th resho ld
1 1 .4 5 3 1 .3 6 6 1 .2 5 7 1 .2 5 7 1 .7 80
2 1 .8 5 5 1 .9 0 7 1 .7 9 0 1 .8 10 2 .4 1 0
3 2 .5 8 0 1 .8 5 6 2 .6 8 9 1 .9 6 3 2 .1 5 0
4 2 .0 0 6 2 .0 1 5 2 .0 0 3 1 .9 8 7 1 .8 3 0
5 1 .3 4 4 1 .4 5 4 1 .4 5 6 1 .1 4 3 2 .0 8 0
6 1 .7 5 8 1 .8 2 0 1 .5 4 5 1 .6 4 9 1 .8 9 0
7 1 .7 4 2 1 .8 0 0 1 .5 6 0 1 .6 1 2 2 .0 5 0
9 2 .2 9 6 2 .0 6 2 2 .5 0 3 2 .2 5 8 1 .9 6 0
10 1 .2 4 7 1 .1 1 7 1 .0 9 7 1 .0 6 9 1 .4 5 0
11 1 .8 7 8 1 .7 1 4 .7 1 7 .7 0 0 1 .4 4 0
Table 9. D escrip tiv e  S ta tis tic s  of Lactate and V entila tory  Thresholds
T hresholds Mean Standard E rro r Minimum Maximum Range
Lactate
Baker log-log 1 .8 1 6 .131 1 .2 4 7 2 .5 8 0 1 .3 3 3
Baker sem ilog 1 .6 6 2 .1 9 3 .7 1 7 2 .6 8 9 1 .9 7 2
Beaver log-log 1.711 .0 9 6 1 .1 1 7 2 .0 6 2 .9 4 5
Beaver sem ilog 1 .5 4 5 .1 5 5 .7 0 0 2 .2 5 8 1 .5 5 8
V entilatory 1 .9 0 4 .0 9 5 1 .4 4 0 2 .4 1 0 .9 7 0
Table 10. Tests fo r S ignificant D ifference between the  Lactate 
Threshold and the V entila tory  Threshold_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Method/Model a mean difference ( LT-VT)
Baker
log-log .5 1 9 3 - .0 8 8
sem ilog .1 4 5 6 - .2 4 2
Beaver
log-log .0 7 5 3 - .1 9 3
sem ilog .0 1 5 6 * - .3 5 9 *
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Figure 6. Baker Log-log Lactate Threshold vs. Ventilatory
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Figure 7. Beaver Log-log Lactate Threshold vs. Ventilatory
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Baker sem llo g  l a c t a t e  th re sh o ld
Figure 8. Baker Semilog Lactate Threshold vs. Ventilatory
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Threshold. Line of Identity is Shown.
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threshold (-.088), and the reason  for th is  can be seen b e t te r  by observing a 
s c a t te r  of data  points around both s ides  of the  line of identity  (Figure 6).
The re su l ts  of the linear reg ress ions  of the  la c ta te  threshold  on the 
ven tila to ry  threshold  showed th a t  the  la c ta te  threshold  determined by the 
Baker and Beaver semilog m ethods (p = .052 and .054) bes t  predicted  the 
ven tila to ry  threshold. However, they w ere  poor pred ic to rs  (R2 = .394 and 
.389). The reg ress ions  of all the  method/model combinations of the la c ta te  
threshold on the  ven tila to ry  threshold may be compared in Table 11. Figures 
10-13 are  graphs of the regressions. Note th a t  the  Baker log-log la c ta te  
threshold, determined in the  previous study to be the threshold from the 
model th a t  bes t  f i t  the da ta  and in th is  study to have the le as t  mean 
d ifference from the ven tila to ry  threshold, w as  the poorest p red ic to r  of the 
ven tila to ry  threshold, w ith  a slope not s ign ifican tly  d iffe ren t from zero and 
R2 = . 129.
0.isc,u§.slon
Although paired t - t e s t s  showed no s ign if ican t d ifferences  (p>.05) 
between the  la c ta te  and ven tila to ry  thresholds in th ree  of the  four 
method/model de term ina tions  of the  la c ta te  threshold, the  la c ta te  
thresholds w ere  not good p red ic to rs  of the  ven tila to ry  threshold. The best 
p red ic to rs ,w ere  the  la c ta te  th resholds determ ined by the semilog models. 
Closer examination of the  Baker semi log la c ta te  threshold as  a p red ic to r of 
the  ven tila to ry  threshold (Figure 8) reveals  th a t  for la c ta te  thresholds less  
than 2 l i te r s -m in u te -1 the Baker semilog la c ta te  threshold is a fa ir ly  good 
p red ic to r of the ven tila to ry  threshold, w ith  R2 = .85 and the line of best f i t  
a lm ost parallel to the line of identity  (Figure 14). It suggests  a delay in the 
ven tila to ry  threshold  of approximately .525 l i te rs -m in u te -1 of oxygen 
consumption, or in the protocol used in th is  study, 1-2 increm ents  of work
Table 11. R esults of Linear Regressions of the  Lactate Threshold
on th e  V entila tory  Threshold
Method/Model £ R2 Standard E rro r
Baker
log-log .3 0 8 8 .1 2 9 .2 9 8
sem llog .0 5 2 0 .3 9 4 .2 4 8
Beaver
log-log .1 4 3 9 .2 4 7 .2 7 7
sem llog .0 5 3 8 .3 8 9 .2 4 9
3.0
y ■ 1.4308 + 0.2606x
line of best fit
0) ^
2.515
(L i te r s  •m in u te " 1)
Baker lo g -lo g  l a c ta t e  th resh o ld
Figure 10. Line of Best F it of the Baker Log-log Lactate
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B eaver lo g - log  lo c to te  th re sh o ld
Figure 11. Line of Best F it of the Beaver Log-log Lactate
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Figure 12. Line of Best F it of the Baker Semllog Lactate
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B eaver sem ilog  l a c t a t e  th re sh o ld
Figure 13. Line of Best F it of the Beaver Semilog Lactate






























0.6 0.8 IjO 12  1.4 1.6 1S
(L ite r s -m in u te - 1 )
B aker sem llog  lo c to te  th re sh o ld
Figure 14  Line of Best F it of the  Baker Semilog 
L actate  Threshold vs. the Ventilatory 
Threshold When the Lactate  Threshold 
is  Less than 2 L ite rs-m inu te -1 .
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rate. A delay In the  ven tila to ry  threshold would not be expected if the 
increase  In ven tila tion  w ere a re su l t  of a g rea te r  C02 flow to  the  lung 
brought about by bicarbonate buffering of H+, especially  in protocols w ith 3 
minute stages. However, if the  semilog model actually  overes tim ates  
la c ta te  a t low work ra te s ,  as  reported by Beaver e t  al. (7) and confirmed by 
Baker in the  previous study, the  delay may be a re su lt  of tha t  
overestim ation. Why i t  is a b e t te r  p redic tor of the ven tila to ry  threshold 
than the  log-log model, which seem s to  be a b e t te r  p redic tor of the actual 
r is e  in lac ta te ,  is  s t i l l  unclear. Neither is  i t  c lear  why the  semilog lac ta te  
threshold is  a fa ir ly  good p red ic to r  when the threshold occurs a t  lower 
w orkra tes , but not a t  higher w orkrates. It may be because the  semilog model 
tends to  overpredict la c ta te  below the  threshold and underpredicts  i t  above 
the  threshold.
The Baker log-log la c ta te  threshold, found to be the best 
method/model fo r determ ining the la c ta te  threshold in the previous paper, 
had the le a s t  mean d ifference  from the ven tila to ry  threshold, but w as the 
w o rs t  p red ic to r of the ven tila to ry  threshold. One m ust conclude, if the 
Baker log-log model s e le c ts  the  la c ta te  threshold determined by the best f i t  
of the  data, th a t  the  point of marked r is e  in blood la c ta te  is not suffic ien t 
to  predic t the nonlinear r i s e  in ventilation. It appears th a t  although the 
semilog model did not f i t  a s  well, and although the "threshold" determined 
by th a t  model may not rea lly  distinguish  th a t  point where the rapid r ise  in 
la c ta te  actually  begins, i t  is  a b e t te r  p red ic to r of the ven tila to ry  threshold, 
especially  when the threshold  is below 2 l i te rs -m in u te -1 . Therefore, the 
semilog model may be the b e t te r  model to use when in te re s ted  in the 
re la tionsh ip  betw een la c ta te  and ventilation.
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In summary, although the Baker log-log model w as shown in the 
previous study to  provide a b e t te r  f i t  of the  data, the  la c ta te  threshold was 
not a good predic tor of the ven tila to ry  threshold. This suggests  the  coupling 
of the two thresholds by C02 flow to the lung may not adequately explain the 
exercise  hyperpnea a t  w ork ra tes  approximately 50-75% V02 max.
CHAPTER A
THE VENTILATORY RESPONSE TO C02 FLOW 
AND EXERCISE
The s tim ulus  th a t  Is both su ff ic ien t and necessary  for the  hyperpnea 
of m oderate  exercise  has been the object of search by numerous 
physio logists  of th is  century. One of these  theories  of exercise  hyperpnea 
Is th a t  Increased C02 flow to  the  lung is  responsible  for the  increase  in 
ventilation. Wasserman and his colleagues (82) argue th a t  an isocapnic 
hyperpnea during m oderate  exerc ise  indica tes  a close link between 
ven tila tion  and the ra te  a t  which C02 is  delivered to  the lungs. They claim 
th a t  the  increases  in ven tila tion  in proportion to  C02 flow point to  the 
ex istence  of a C02-se n s i t iv e  mechanism th a t  accounts for the  hyperpnea. 
Although C02-sensit1ve recep to rs  have not been proven to  ex is t  in the  human 
lung, animal s tud ies  (62, 63, 72) have shown a proportional increase  or 
decrease  in ven tila tion  as  C02 flow to  the  lung, by way of intraveneous 
infusions, has been increased or decreased, respectively. However, the 
re la tive ly  small gain found by Sheldon and Green (72) and Green e t  al. (39) 
during intraveneous infusion of C02 in dogs r a is e s  doubt th a t  C02 flow is the 
primary s tim ulus  fo r exerc ise  hyperpnea.
The purpose of th is  study w as to  t e s t  the  hypothesis th a t,  in humans, 
increases  in ven tila tion  during moderate, incremental exercise  may be
5 A
55
explained by the ven tila to ry  response to  an increase  in C02 flow to the  lung 
brought about by C02 inhalation a t  res t.
EMtlOClS.
Six healthy, moderately tra ined  male volunteers  performed eight 
s teady  s t a t e  t e s t s  on each of 4  days to  determ ine th e ir  v en tila to ry  response 
to  an increase in C02 flow to  th e ir  lungs brought about by e i th e r  C02 
Inhalation or exercise  or both. C02 w as in jec ted  into the inspiratory 
a irs tream  a t  a constant r a te  so th a t  the  amount of C02 added w as 
independent of ven tila tion  and in such a way mlmmicked the way in which 
m etabolic  C02 is added to  the  venous bloodstream. The ra te  of to ta l  C02 
expired (VTC02) during s teady s t a t e  w as taken as the  C02 flow to  the lung. 
Regressions of VE on VTC02 were compared for d ifferences  in slope and/or 
in te rcep t in the  following situa tions:
1. During the f i r s t  session , the  su b jec t  w as given four levels of C02, 
one level each during four s teady s t a t e  t e s t s  while s i t t in g  a t  r e s t  on a cycle 
ergometer. The t e s t s  w ere  repeated  fo r a to ta l of eight s teady s ta t e  t e s t s  
in order to  determ ine if the  ven tila to ry  responses to  C02 (the VE-V TC02 
regress ions)  w ere  identical fo r the  two s e t s  of four te s ts .
2. Session 2 w as s im ila r  to  session  1 except th a t  the  sub jec t 
exercised a t  a work ra te  of 400  kprn-min-1 while being given the levels of 
C02. The tw o VE-V TC02 regress ion  lines of th is  session  w ere te s te d  to see 
if they w ere  identical.
3. During sess ion  3, four levels of C02 w ere given during 4  t e s t s  a t 
r e s t  and during 4  t e s t s  during exercise. The regress ions  of the  VE-V TC02 
re la tionship  during r e s t  w ere  compared w ith  those during exerc ise  to
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determ ine if ven tila tory  sen s i t iv i ty  to  C02 w as  the same during r e s t  and 
exercise.
4. During session  4, four levels of C02 were given during 4  t e s t s  at 
res t.  The regress ion  of VE-V TC02 during these  4  t e s t s  w as  compared w ith 
the  regress ion  of 4  exerc ise  t e s t s  a t  d iffe ren t work ra te s  (200, 300, 400, 
and 600 kpm-min- 1 ) w ith  no C02 Inhalation so th a t  the  Increase in C02 flow 
w as  a re su l t  of the  Increase in m etabolic rate. This w as done to  determ ine 
if the ven tila to ry  sen s i t iv i ty  to  C02 a t r e s t  (the VE-V TC02 regression) could 
be extended to  explain the  increase  in ven tila tion  during moderate exercise.
The su b jec ts  w ere  asked to  re fra in  from caffeine-containing 
beverages and foods for a t  le a s t  48 hours before each te s t in g  session, and 
they reported  to  the laboratory 4  hours postprandial. Prior to  the  f i r s t  
session , each sub jec t came to  the  laboratory fo r orientation, during which 
they became ad justed .to  the  breathing apparatus and performed an 
incremental exercise  t e s t  to  volitional exhaustion to  determ ine V02 max. 
The four s te a d y -s ta te  te s t in g  sess ions  la s ted  approximately th ree  hours 
each and consis ted  of e ight steady  s ta t e  t e s t s  per session. Three su b jec ts  
completed session  1 before session  2, and the other th ree  su b jec ts  
completed session  2 before session  1. The order of the t e s t s  belonging to 
each regress ion  w ere counterbalanced w ith in  each session  and C02 levels 
were  randomly applied. During session  3, the  order of the  C02 levels w as 
randomly applied over the  re s t in g  t e s t s  and over the  exercise  t e s t s ,  and the 
order of the  t e s t s  w as counterbalanced w ith  re sp ec t  to r e s t  and exercise. 
During session  4, the  order of the  C02 levels w as randomly applied over the 
re s t in g  t e s t s ,  the  order of the work ra te s  w as randomly applied over the 
exercise  t e s t s ,  and the order of the res ting  and exercise  t e s t s  w as 
counterbalanced.
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Each of the  s teady s t a t e  sess ions  consis ted  of eight t e s t s  in which 
the  sub jec t  s a t  on a Quinton uniwork cycle ergom eter model 845, breathing
through a lo w -re s is tan c e  nonrebreathing Rudolph’s valve whose inspiratory
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s ide  w as connected by tubing to  a 3.4 l i te r  mixing chamber open a t  the  
opposite end and Into which C02 w as in jec ted  as the  inspira tory  a ir  moved 
through it. The amount of C02 in jec ted  into the  mixing chamber each minute 
w as  controled by a Vacumed flow m eter which w as calib rated  w ith  a Collins 
basic  c linical sp irom ete r  P-1255. The four levels of C02 delivery w ere 0, 
.41, .66, and .90 l i te r s -m in u te - 1. The expiratory side of the  su b jec t’s  
breathing valve w as connected by tubing to  a mixing chamber in a Beckman 
m etabolic  ca r t ,  from which expiratory gas sam ples were taken to  determ ine 
expiratory  0 2 and C02 frac tions . Expiratory volumes were measured by a 
turbine in the  m etabolic  cart. Each steady  s ta t e  t e s t  la s ted  approximately 8 
1 /2  minutes. End-tidal PC02 w as sampled continuously and recorded by a 
Beckman recorder connected to  a Beckman LB-2 carbon dioxide analyzer. 
During the  s ix th  m inute inspired frac t io n s  of 0 2 and C02 were m easured by 
sampling from the  insp ira to ry  tubing ju s t  prior to  the  inspira tory  port of 
the  Rudolph's valve. VE and expiratory  0 2 and C02 f rac tions  w ere measured 
during m inutes 7 and 8. V02 and VC02 were calcu lated  using the  inspira tory  
f rac t io n s  from minute 6 w ith  the expiratory frac t io n s  of m inutes 7 and 8. 
VTC02 w as ca lcu la ted  as  VE t im es  FEC02 for m inutes 7 and 8. As soon as 
the  m easurem ent of minute 8 w as completed, the C02 flow to  the 
insp ira tory  mixing chamber w as turned off, but the  sub jec t  remained on the 
system  until the  mixing chamber w as completely flushed and measurem ent 
a t  the  mouth showed FIC02 to  be zero. Heart ra te  w as  calcula ted  from an 
ECO s t r ip  taken the  la s t  10 seconds of m inutes 7 and 8 by a 1500 B H ewlett 
Packard electrocardiograph. The percent 0 2 sa tu ra tion  w as recorded from a
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Biox ll-A ear oxim eter the la s t  10 seconds of m inutes 7 and 8. Ten minutes 
w as allowed betw een each steady s ta t e  te s t .
The data  for each su b jec t  w as analyzed separately. Eight regress ions  
(VE vs. VTC02) were f i t  for each sub jec t  using le as t  squares linear 
regression. T e s ts  for d ifferences  in slope and in te rcep t w ere  made for the 
com parisons d iscussed  above according to  Neter and Wasserman (59). Then, 
pooling the  slopes and in te rcep ts ,  the  same comparisons were te s te d  for the 
su b jec ts  as  a group. Regressions of VE vs. PetC02 were run for each sub jec t 
fo r all t e s t s  a t  re s t ,  then fo r all t e s t s  during exercise  w ith  C02 inhalation 
to  see  if PetC02 could account for the increases  In VE. S tepw ise  regression  
w as then run for each su b jec t  under varying conditions to  determ ine which 
fa c to r  explained the m ost variance in ventilation. Finally, analysis  of the 
ven tila to ry  response to  incremental exercise  w ith  no C02 inhalation w as 
made using vectors.
Results.
Slopes and in te rcep ts  of the  VE-V TC02 reg ress ions  fo r each sub jec t 
a re  shown in Table 12. R esults  for the  comparisons of the tw o regress ions  
for each sess ion  a re  l is ted  In Table 13 fo r each subject. Combining the data 
of all s ix  su b jec ts ,  ANOVA of the slopes and in te rcep ts  gave the  following 
re su l ts ,  which appear to  r e f le c t  the  individual re s u l t s  of m ost subjects;
1. R esults  showed no s ign if ican t d ifferences  In slopes or in te rcep ts  
a t  r e s t  fo r the  tw o VE-V TC02 reg ress ions  during session  1.
2. S im ilar re s u l ts  w ere  found for the ven tila to ry  response to  VTC02 
during exercise.
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Table 12. Slopes and In tercep ts of the Ve~VtC02 R egressions
Line Subject
1 2 3 4 5 6 Mean * St. E rr.
1 slope 
in te rcep t
- 0 .2 8
1 8 .8 2 3
1 4 .1 0 6
2 .9 3 9
16.791
4 .2 9 9
1 4 .9 7 4
4 .8 7 1
1 7 .9 3 4
4.31
1 6 .5 9 7
4 .0 3 7
1 3 .3 5 4 ± 2 .7 8 3
6 .5 4 7 ± 2 .4 6 9
2  slope 
in te rcep t
2 .0 5 2
1 6 .8 3 8
1 3 .3 4 7
3 .6 3 5
1 7 .6 5 9
3 .5 6 8
1 3 .0 5 9
5 .9 9 5
2 0 .3 8 6
3 .5 0 5
1 3 .8 3 4
6.1
1 3 .3 8 9 * 2 .5 5 6  
6 .6 0 7 ± 2 ,106
3  slope 
in te rcep t
1 1 .0 3 8
1 9 .9 4 7
17.51
1 2 .9 2 5
1 5 .1 0 7
1 4 .0 5 8
1 3 .5 4 6
1 2 .0 8 9
1 7 .1 7 2
9 .9 7 7
14 .301
10.741
1 4 .7 9 9 * .9 8 4  
1 3 .2 8 9 * 1 .4 6
4  slope 
In tercep t
4 .8 4 3
2 7 .2 8 8
13.21
1 8 .1 5 9
1 4 .5 3 6
1 4 .5 1 7
11 .121
15 .881
1 8 .3 7 7
8 .8 0 5
1 1 .8 3 8
1 4 .2 4 9
1 2 .3 2 1 * 1 .8 2 5
1 6 .4 8 3 * 2 .5 0 2
5  slope 
in te rcep t
1 2 .1 7 2
9 .0 2 7
9 .9 2 4
5 .0 0 8
1 6 .7 7 3
3 .7 0 8
1 4 .7 3 7
5 .5 3 8
1 9 .9 9 2
3 .7 1 2
1 4 .2 7 4
5 .2 6 6
1 4 .6 4 5 * 1 .4 3 4
5 .3 7 7 * 0 .7 9 7
6  slope 
in te rcep t
7 .1 9 6
2 4 .7 4
13 .051
1 7 .3 4 2
1 6 .0 3
1 2 .0 0 9
1 2 .3 3 9
1 4 .8 1 5
1 8 .6 5 5
8 .1 4 2
1 3 .0 1 3
1 2 .3 6 5
1 3 .3 8 1 * 1 .5 7 5
1 4 .9 0 2 * 2 .3 3 3
7 slope 
in te rcep t
9 .4 1 2
1 0 .4 5 8
1 1 .8 7 5
3 .3 1 2
1 9 .0 8 8
3 .0 3 8
1 4 .6 4
5 .9 4 9
1 8 .5 2 4
4 .3 9 8
1 6 .0 4 4
4 .0 4
1 4 .9 3 * 1 .5 4 2
5 .1 9 9 * 1 .1 3 2
8  slope 
in te rc ep t
9 .1 9
2 2 .5 9 9
2 9 .7 4 1
2 .6 6 6
2 7 .0 3 4
2 .0 7
2 3 .4 1 3
4 .5 4 6
2 7 .9 3 8
1 .78
2 0 .9 2 6
5 .1 5 8
2 3 .0 4 * 3 .0 6 2
6 .4 7 * 3 .2 7 3
Lines 1 and 2  a re  th e  reg ress io n s  of th8 te s ts  a t r e s t  w ith  CO2  inhalation from  Session 1.
Lines 3  and 4  a re  th e  reg ress io n s  of the  te s ts  du ring  ex erc ise  a t 4 0 0  kpm -m in- 1 w ith  CO2 
inhalation  from  Session 2.
Line 5  is  th e  reg ress io n  of th e  te s ts  a t  r e s t  w ith  C02inhalation from  Session 3.
Line 6  is  th e  reg ress io n  of th e  te s ts  du ring  ex erc ise  a t 4 0 0  kpm • m in“ 1 w ith  CO2 inhalation 
from  Session 3.
Line 7  is  th e  reg ress io n  of the  te s ts  a t r e s t  w ith  CO2 inhalation from  Session 4.
Line 8  is  the  reg ress io n  of the  increm en tal ex erc ise  te s ts  w ith  no CO2 inhalation from  Session 4.
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Table 13. Com parison of Ve-Y tCQ2 Regressions.
C ontrast Subiect
1 2 3  4 5 6
1 vs. 2
In tercep t ns ns ns ns ns s
Slope ns ns ns ns s s
3  vs. 4
In tercep t ns s ns ns ns ns
Slope ns s ns ns ns ns
5  vs. 6
In tercep t s s s  s s s
Slope ns ns ns s ns ns
7  vs. 8
In tercep t s ns ns ns s ns
Slope ns s s  s s s
1 vs. 2  Is  th e  te s t of re s t  w ith  CO? vs. r e s t  w ith  CO2  on th e  sam e day.
3  vs. 4  is  th e  te s t of ex erc ise  w ith  CO2  vs. ex erc ise  w ith  CO2  on th e  sam e day.
5  vs. 6  is  th e  te s t of re s t  w ith  CO2  vs. ex erc ise  w ith  CO2 .
7  vs. 8  is  th e  te s t of r e s t  w ith  CO2 vs. ex erc ise  w ithout CO2  inhalation.
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3. The re s u l ts  from sess ion  3 showed th a t  the slopes of the  VE- 
VTC02 regress ion  lines for r e s t  and exercise  w ere not s ignificantly  
d ifferen t,  but th a t  the  In te rcep ts  were  s ign ifican tly  d ifferent.
4. The re s u l ts  from sess ion  4  showed th a t  the ven tila to ry  response 
to  m etabolic  C02 (the VE-V TC02 regress ion  line) had a s ignificantly  g rea ter  
slope than the  VE-V TC02 response a t  re s t  w ith  C02 Inhalation. However, the 
in te rcep ts  w ere  not s ign if ican tly  d ifferent.
Figures 15 and 16 a re  graphs of the  reg ress ions  of sub jec t 3, 
I l lu s tra ting  the  re s u l ts  from sess ions  3 and 4  as lis ted  above.
In addition to the VE- V TC02 regress ions , the  regress ions  of VE vs. 
PetC02 showed tha t there  w as  a s ign if ican t (p<.Ol) positive re la tionship  
betw een VE and PetC02 at r e s t  fo r 5 of the 6 su b jec ts  and for all 6 su b jec ts  
during exerc ise  w ith  C02 inhalation. However, the  s tepw ise  regression  
which forced VTC02 as the f i r s t  variable  In the regression  equation showed 
th a t  once the  variance a t tr ib u tab le  to  VTC02 w as accounted for, the re  w as 
in m ost case s  a s trong negative corre la tion  between VE and PetC02 (Table 
14).
Moreover, given the variab les  V02, VC02, VTC02, PetC02, HR, and 
w orkrate , s tep w ise  regress ion  fo r 5 of 6 su b jec ts  showed VTC02 and e ithe r  
V02, VC02, or w orkra te  accounting fo r 99% of the variance in VE when 
considering all te s t in g  conditions (all t e s t s  of r e s t  and exercise  w ith  C02 
inhalation and exercise  w ith  no C02 Inhalation). When considering res ting  
t e s t s  only, VTC02 w as a lw ays the f i r s t  variable entered fo r each subjec t, 
w ith  PetC02 being the second (w ith  a negative correlation), and together 
they accounted fo r 99% of the  variance in VE for 5  sub jec ts ,  93% for the 
o ther subject. During exerc ise  a t  400  kprn-mln-1 , w ith  C02 Inhalation, 






















VTC 0 2 (L l te r s  m ln u t e - 1 )
Figure 15. V entilatory Response of Subject 3 to  C02 
Inhalation a t  Rest and during Constant Rate 



















VtC0 2 (Liters mlnute-1)
Figure 16. Ventilatory Response of Subject 3 to C02 
Inhalation a t  Rest and to  Metabolic C02 
during Exercise a t Different Levels of 
Work Rate.
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Table 1 4. S tepw ise Regression of Ve vs. YtC02 and PetC 02 w ith  YjC02 Entered F irs t
Subiect
At Rest w ith  C02 Inhalation 
Is ts teD 2nd steD
R2 for YtCO? Std. E rro r
P a rtia l C orrelation  
Of PFTCO2 R2 Std. E rro r
1 .311 2 .3 6 7 - .9 5 3 .9 3 7  .7 2 7
2 .951 .71 - .8 6 3 .9 8 8  .3 6 4
3 .9 8 9 .5 6 2 - .5 2 7 .9 9 2  .4 8 6
4 .9 6 8 .7 2 5 - .7 6 4 .9 8 7  .4 7 6
5 .9 8 9 .5 9 2 - .7 1 2 .9 9 4  .4 2 3
6 .9 8 4 .5 7 4 - .7 0 5 .9 9 2  .4 1 4
D uring E xercise w ith  CO2  Inhalation
1st steD 2nd steD
P a rtia l  C orrelation
Subiect R2 fo r YtCOo Std. E rro r of P f t COo r 2  Std. E rro r
1 .6 6 6 1 .6 5 5 - .9 6 8 .9 7 9  .4 2 7
2 .9 0 7 1.42 - .8 7 8 .9 7 9  .6 9 5
3 .9 8 6 .5 9 5 .1 6 2 PETCO2  not en tered
4 .9 4 7 1 .0 8 3 - .7 6 7 .9 7 8  .711
5 .9 9 2 .4 7 9 - .3 3 9 PETCO2  not en tered
6 .9 5 7 .8 1 5 - .6 8 4 .9 7 7  .6 0 8
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variable  entered for 4  of the  6 sub jec ts ,  VC02 being entered second for one 
sub jec t  and V02 second for the  other subject.
Summarizing the results of the stepwise regression, it  would appear 
that both C02 flow (VTC02) and metabolic rate (represented by workrate, 
V02, or VC02) are important In determining VE. However, when the work 
rate is the same, then C02 flow is the most important variable. PetC02 may 
account for some of the variance, but it  is negatively correlated to VE.
Discussion
The tw o main findings of th is  study are:
1. The slopes of the  ven tila to ry  response to  C02 ( VTC02) are  the same 
a t  r e s t  and during exercise  w ith  C02 inhalation, but the  in te rcep ts  are 
d ifferent.
2. The slope of the  ven tila to ry  response to  C02 during exercise  
w ithout C02 inhalation is s tee p e r  than the  ven tila to ry  response to  r e s t  or 
exercise  during C02 Inhalation. However, the in te rcep t is not s ignificantly  
d iffe ren t from the in te rcep t a t  rest.
It is  c lea r  from these  data  th a t  the regression  of VTC02 on VE a t  r e s t  
w ith  C02 Inhalation cannot be extended to  explain the  ven tila to ry  response 
to  exercise. It is  also  c lea r  from the comparison of the  ventila tory  
responses  to  r e s t  and exercise , both w ith  C02 inhalation, th a t  although the 
s lopes of the  response to  C02 inhalation are  the  same, the re  is  a d ifference 
in the  responses th a t  is  represen ted  by the difference  in in tercepts. The 
s tep w ise  regress ion  sugges ts  th a t  th is  component is  re la ted  to  metabolic 
ra te ,  although i t  is  not c lea r  w hether th a t  component is  the w orkra te  i tse lf ,  
V02, VC02, or some o ther fa c to r  closely co rre la ted  to  the  m etabolic  rate. 
These re s u l ts  are  not surprising. The VE vs. PaC02 re la tionship  has
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previously been shown to  form parallel lines, w ith  the  VE response sh ifted  
upward as  w orkra te  Increases. Asmussen (2) c la im s th a t  the sen s i t iv i ty  to 
C02 has not changed from r e s t  to  d iffe ren t levels of exercise , but th a t  the 
"idling" speed of the  resp ira to ry  cen te r  has changed, possibly due to a 
neurogenic component increasing the  s ta t e  of arousal of the brain.
The finding th a t  the VE-V TC02 slope is s teep e r  during exercise  
w ithout C02 inhalation Is a t  f i r s t  surprising. However, the uniqueness of 
th is  study is  th a t  It looks a t  the  sen s i t iv i ty  of ven tila tion  to C02 In a new 
way, defining 1t not as the ven ti la to ry  response to  PaC02 but as a response 
to C02 flow to the lung (VTC02). Because of th is , it  Is possible to show tha t 
the ven tila to ry  response to C02 during exerc ise  Is actually  the sum of the 
following tw o components:
1. the  ven tila to ry  response to  VTC02, as  quantified by the slope of the 
VE- V TC02 regress ion  for c o n s ta n t- ra te  exercise  during C02 inhalation 
(which is  approximately the  same as the  slope a t re s t) ,  and
2. the  ven tila to ry  component th a t  is due to the  d ifference in 
in te rcep ts  of the  VE-V TC02 reg ress ions  a t r e s t  and exercise  w ith  C02 
inhalation.
This may be shown by the  use of vectors, in the  following example, 
the data  is th a t  of sub jec t 2. The data  for all days a t  r e s t  w ith  C02 
Inhalation w ere  pooled, as  well as  th a t  of all days during exercise  w ith  C02 
inhalation.
F irs t  (Figure 17), draw the line of the regress ion  of exercise  w ith  no 
C02 inhalation (vector 3). To make i t  simple use the y - ln te rcep t  (0 ,b i) and 
the point (1, a j+ b i)  in the equation yi=aix+bi. [y = 29.741x + 2.666]
Second (Figure 17), s t a r t  a t  the y - in te rcep t  a t  r e s t  (w ith  C02 
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Figure 17. Drawing the  Components of the  Ventilatory Response 
of Subject 2.
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s tands  for the  slope of the  regress ion  of VE-V TC02 during exercise  w ith  C02 
inhalation (which for m ost su b jec ts  is the  sam e as  during res t) .  Again, to 
make It easy to  draw the line, use the y - in te rc e p t  (0 ,b2 ) and the point (1, 
a2+b2 ) in the  equation y2 = a 2X +b2 . [slope = 14.253; res ting  in te rcep t = 
3.449]
Third (Figure 17), draw a vertica l v ec to r  which s tands  for the 
ven ti la tion  due to  the  d ifference  in in te rcep ts  between r e s t  and exercise  a t 
400 kpm-min-1 , both w ith  C02 Inhalation, [resting in te rcep t = 3.449; 
exerc ise  In tercep t = 16.568]
Fourth (Figure 18), move th is  vecto r so th a t  i t s  ta il  s i t s  on the line 
rep resen ting  the ven ti la to ry  response to exercise  during C02 Inhalation 
(from the second step). Place It a t  the VTC02 equal to the m etabolic  C02 
m easured a t  400  kpm- m1n~ 1, the  same work ra te  a t  which the  sub jec t  
cycled during C02 Inhalation. [VTC02 = m etabolic  C02 = 0.870]
Fifth  (Figure 18), in all su b jec ts  the  sum of the  tw o v ec to rs  (labeled 
1 and 2) accounted for all, or very close to all, of the ven tila tion  a t  400 
kpm-m in-1 during exerc ise  w ith  no C02 (vector 3). It is  im portant to  note 
th a t  v ec to r  2 w as  drawn i t s  pa r ticu la r  length from the d ifference  in 
in te rcep ts  prior to  moving it. I ts  length w as  not changed a f te r  s e t t in g  i ts  
ta i l  upon the head of v ec to r  I.
The d ifference  in in te rcep ts  betw een r e s t  and exerc ise  w ith  C02 
inhalation does not seem to  be a d ifference  betw een r e s t  and exerc ise  per 
se, but a d ifference  which is dependent upon d ifferences  in m etabolic  ra te s  
or in te n s i t ie s  of m etabolic  s ta te s .  The r e s u l t s  of the s tep w ise  reg ress ions  
support th is ,  but the following data  support i t  as  well. One su b jec t  w as
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Figure 18. Addition of Vectors to  P arti tion  the  Ventilatory 
Response of Subject 2 to  Exercise.
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te s te d  a t  re s t ,  184 kpm• m ir r  1, and 367 kpm■ m1n~1 during C02 inhalation 
w ith  the  following VE-V TC02 regressions:
re s t  y = 3.0906 + 17.966x
184 kpm-min-1 y = 7.1051 + 17.5212x
367 kp m -m in -1 y = 10.3463 + 16.8189x
Notice the d ifference  in in te rcep ts , w ith  approximately the same 
slopes. This suggests  th a t  had each su b jec t  of the p resen t study been 
te s ted  a lso  a t  600 or 800  kpm-mln_ i w ith  co 2 inhalation, there  would be 
g rea te r  d ifferences  in in te rcep ts  betw een r e s t  and higher w orkrates. It 
would then be possible to  add the v e rtica l  v ec to rs  due to those d ifferences  
to the v ec to r  1 a t  the appropria te  VTC02 and account for the ven tila tion  a t 
600 or 800 kpm-min-1 w ithou t C02 inhalation. This possib il ity  is 
i l lu s tra ted  in Figure 19.
Essentially  then, w hat th is  study has done is to p a r ti t ion  the 
v en tila to ry  response to C02 during exerc ise  into tw o components, the 
ven tila to ry  response to VTC02 (which a t  s teady s ta t e  is assumed to  be equal 
to the C02 flow to the lung) and another component th a t  depends upon the 
in tens ity  of exercise. This second component appears to be independent of 
C02 flow.
It w as  a lso  possible  to  quantify fo r each su b jec t  the ven tila to ry  
response due to C02 flow and th a t  due to the  in te rcep t component. These 
com parisons are  shown in Table 15. There appears to be quite  a b it  of 
va riab il i ty  betw een su b je c ts  in the percent ven tila tion  due to C02 flow and 
th a t  independent of C02 flow. The percent due to  C02 flow ranged from 21% 
to 70%; th a t  due to the  in te rcep t component ranged from 30% to  79%. The 
In tercep t component of exerc ise  hyperpnea appears to be dependent upon 


















0.0 0.2 0.4 0.6 0.8 1.0 1.2
\ ? r C 0 2  (L1te rs -m inu te~ l)
Figure 19. Hypothetical In tercept Vectors during Exercise 
a t  600 and 800 kpm • min- 1.
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Table 15. D ivision of V entilatory Response to E xercise a t 4 0 0  k p m -m in "1 into 1) the  Component
Dependent upon C02 Flow and 2 )  the  Component Independent of CO2  Flow.
Subject *V£ % due to  CO2  flow % independent of CO2  flow
1 12.6 21 7 9
2 2 2 .3 41 5 9
3 2 1 .4 5 5 4 5
4 16 .7 4 9 51
5 17.1 7 0 3 0
6 15.1 4 9 51
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component due to  e ith e r  cen tra l input to  the  resp ira to ry  cen te r  (28) or 
peripheral a f fe re n ts  (49). It is  suggested th a t  these  a ffe ren t  s ignals  may 
be re la ted  to work ra te  as  m uscle con trac tions  are  sensed by 
m echanoreceptors (20) or m etabolic  products as  sensed by chemoreceptors 
in the  muscle (53).
This study makes another im portant point. Fenn and Craig (31, 32) had 
thought th a t  Injecting C02 into the  inspira tory  a irs tream  might mimic the 
dumping of m etabolic  C02 into the  bloodstream , and th a t  the ven tila to ry  
response might be s im ila r  to  the ven tila to ry  response to  exerc ise  w ith  
maintenance of alveolar C02. However, they concluded th is  w as not the 
case. Redefining ven tila to ry  response in te rm s  of changes in VTC02 ra th e r  
than in te rm s  of changes in a lveolar or a r te r ia l  PC02, th is  study shows tha t 
the  ven ti la to ry  response to  C02 flow to  lung during C02 inhalation is really  
the  sam e as during exerc ise  w ith  m etabolic  Increases In C02 flow to  the 
lung. This argument considers  the ven tila to ry  response to  C02 during 
exerc ise  to be only the slope vector and th a t  the  in te rcep t component of 
exerc ise  hyperpnea is not rea lly  a response to C02, but a ven tila to ry  
response to  a fac to r  as ye t unknown but re la ted  to  m etabolic rate.
In summary, th is  study has shown th a t  the  ven tila to ry  response to  
VTC02, or the  ra te  of to ta l  C02 (endogenous + exogenous) expired, during C02 
Inhalation is  the  same a t  r e s t  and during exercise  a t 400 kpm-min-1 . 
However, the re  appears to  be an additional ven tila to ry  response during 
exerc ise  th a t  is  not re la ted  to  C02 flow. This study does not support the 
theory th a t  C02 flow Is the  primary s tim ulus  of the  hyperpnea of moderate 
exercise , although i t  does suggest th a t  C02 flow may be the  s tim ulus  fo r a 
portion of the  hyperpnea.
SUMMARY
Three s tud ies  were  made to more accura te ly  define the  re la tionship  
between VE, VC02, and blood la c ta te  during exercise. The f i r s t  study 
showed th a t  the Baker m odification of the Beaver log-log method of 
determining the la c ta te  threshold  s ign ifican tly  improved the f i t  of the 
model to the data, along w ith  adding objectiv ity , and th a t  the log-log model 
f i t  the data  b e t te r  than the semilog model. In the second study the Beaver 
semi log method showed s ign if ican t d ifferences  between the la c ta te  and 
ven tila to ry  thresholds, but the d ifferences  w ere not s ign if ican t for the 
o ther method/models. However, the  belief th a t  the la c ta te  and ventila tory  
thresholds coincide w as not supported because of the large varia tion  around 
or above the line of identity. The la c ta te  threshold w as not a good predic tor 
of the  ven tila to ry  threshold. Evidence w as not su ff ic ien t to  support a close 
link between additional C02 from the buffering of lac t ic  acid and increased 
ven tila tion  during exercise. The th ird  study sugges ts  th a t  although C02 flow 
may be a component of the ven tila to ry  response to exercise , there  is another 
component independent of C02 flow. Together the la s t  tw o s tu d ie s  indicate 
th a t  the  la c ta te  threshold may not a lw ays coincide w ith  the ven tila to ry  
threshold because of another component of exercise  hyperpnea independent 
of C02 flow to the lung.
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